Abstract. We discuss the physics case for a new experimental setup that consists of the Crystal Ball multiphoton spectrometer and the CLAS12 forward detector installed at the tagged photon beam of Hall-B at JLab. The proposed apparatus will provide nearly 4π sr coverage and good energy and angular resolution for photons and protons allowing a detailed high statistics investigation of the reactions with multiple photons. Such setup can be used to investigate the spectrum of doubly-strange Ξ * via their neutral decays, test C, CP, and T invariance in the neutral and charged decays of η and η ′ , perform precise measurements of the Dalitz and double Dalitz decays of pseudoscaler and vector mesons, etc. Such data may also shed new light on the existence and the properties of the earlier claimed light exotic mesons. There are 23 well established (three-or four-star) and 20 one-or two-star N * and ∆ * states with masses below 3 GeV/c 2 [7] . A typical width of those resonances is few hundreds of MeV. This superposition of wide, overlapping and interfering states only can be disentangle using a partial-wave analysis, which often leads to ambiguous and inaccurate results. The situation gets better for the Σ * and Λ * hyperon resonances with the typical width of few tens of MeV. Those states can often be observed directly in the invariant and the missing mass spectra making spectroscopy of the hyperons resonance less ambiguous. The cascades (Ξ) are the doubly strange members of the SU(3) octet and the decuplet. The interest in cascade spectroscopy lies in the untapped opportunities that spring from the narrowness of the Ξ * states: all known cascade states are typically 20 MeV wide.
FIGURE 1.
Proposed configuration for the experiment in Hall-B of JLab. The CLAS12 forward detector will be used as a forward spectrometer for the protons going through the Crystal Ball tunnel and as an endcap for the forward going photons, the Crystal Ball is used as a central detector.
combined with the upgraded 11 GeV electron beam. However, the CLAS experiment has certain important limitations, namely the setup provides poor acceptance and energy resolution for photons, and low acceptance for negative particles (assuming that the toroidal field is optimized for protons). A complementary experiment covering neutral decay modes of cascades is needed. Such measurement can be done with the setup shown on Fig. 1 . The apparatus consists of the CLAS Forward Detector and the Crystal Ball photon spectrometer used as a central detector. Such setup will provide nearly 4π sr coverage and good energy and angular resolution for photons and protons allowing a detailed high statistics investigation of the reactions with multiple photons in the final state. The discussed cascade program can potentially be expanded to the state with three strange quarks -Ω − . The simples possible Ω − photoproduction reaction is γ p → K + K + K 0 Ω − . The proposed setup with its large acceptance and good energy resolution for photons can be very efficient in identifying the neutral kaons via K 0 → π 0 π 0 .
The Crystal Ball is a highly segmented detector made of 672 NaI triangular-pyramidal crystals, assembled into two hemispheres. There are two 21 • openings, one at the beam-entrance and the other at the beam-exit side of the detector. A spherical cavity in the center of the detector is used to house the liquid hydrogen target. Although the Crystal Ball is optimized for the detection of photons and electrons, it has also good efficiency for detecting neutrons and protons, see Refs. [12, 13, 14] for details. The Crystal Ball multiphoton spectrometer was successfully used for the spectroscopy at intermediate energies for over a decade. The first experiment in this series was conducted at the BNL AGS using the secondary beams of pions and kaons with momentum below 760 MeV/c. The highlights of the experiment include results on the S 11 (1535) resonance from the reactions π − p → ηn and π − p → π 0 n. Figure 2 (left) shows the total cross section of the reaction π − p → ηn obtained with the Crystal Ball at BNL in comparison to the world data. The difference between the solid and the dashed-dotted lines on the plot shows the effect of the new data on the properties of the S 11 partial wave in the vicinity of the S 11 (1535) as calculated by the SAID partial-wave analysis (PWA). The new data favor a narrower and lighter S 11 (1535). Another nucleon resonance studied in the CB@BNL experiment was the Roper P 11 (1440). For the first time this state was directly observed in the total cross section for π − p → 2π 0 n, see Fig. 3 .
A large set of data was obtained by the CB@BNL using a beam of K − . Those data were used to study properties of Σ * and Λ * hyperons. Figure 4 shows the invariant mass of γγ produced in the reaction K − p → γγΛ. The two peak on the spectra correspond to the reactions K − p → π 0 Λ and K − p → ηΛ and have a width (σ ) of 12 MeV/c and 25 MeV/c. The figure also shows the total cross section for K − p → π 0 Λ measured using the η → 2γ decay. The solid line on the spectra indicates the fit to the data which is sensitive to the parameters of the Λ(1670) resonance.
-CB-ELSA [2] -LNS [3] -GRAAL [4] -this work In 2002 the Crystal Ball detector was installed in the 1.5 GeV tagged photon beam of the MAMI microtron. The list of topics under study includes the determination of the magnetic dipole moment of the ∆(1232) and S 11 (1535) resonances, the investigation of medium modification effects, tests of chiral perturbation theory in decays of η and η ′ , search for violation of discrete symmetries such as C, P, and CP in decays of η, ω and η ′ , precise measurement of the differential and the total photoproduction cross sections and polarization and double polarization observables, determination of nuclear form-factors via coherent production of pseudoscalar mesons on complex target, etc. Figure 2(right) shows one of the first results obtained on the upgraded MAMI-C machine with the Crystal Ball detector, namely the total cross section of γ p → ηπ 0 p used to determine the properties of the ∆(1700) state. The upgraded CLAS12 detector consists of the central and the forward parts. The forward detector works as a magnetic spectrometer for charged particles covering the polar angles between 5 • and 40 • . It consists of the forward tracking system, high resolution time-of-flight counters and a sandwich-type electromagnetic calorimeter. The forward tracking system is made of three sets of drift chambers and designed to provide precise measurements of the particle trajectory (100µm accuracy per 12-layer chamber). The outer TOF system has the geometry of the existing CLAS detector [15] , but the detectors will be upgraded for improved timing resolution. The design goal is to achieve timing resolution of σ = 50 ps. This timing resolution allows separation of pions from kaons up to 3 GeV/c and pions from protons up to 6 GeV/c. Forward-going photons are detected in the forward electromagnetic calorimeter (FEC). FEC is a lead-scintillator sandwich with three stereo readout planes oriented at 120 • to each other. The transverse size of the read out module in a plane is about 10 cm. The energy of a photons is reconstructed using the fraction of the shower energy deposited in the scintillators. For the FEC this is about 30% of the total energy deposited in the calorimeter. The production angles of the photons are determined via the hit position on the FEC, reconstructed from three stereo readouts. The combination of the Crystal Ball detector and the CLAS forward electromagnetic calorimeter (FEC) will provide practically 4π sr coverage for photons combined with high detection efficiency, high granularity, good energy and spatial resolution. The CLAS tracking chambers and the forward time-of-fight scintillator arrays will measure the momentum of the recoil proton and other charged particles going forward. The detection of all the photons and the proton in the reaction together with the information from the beam tagger will provide kinenatically over-constrained events ensuring cleanness of the event sample.
The proposed apparatus will provide good acceptance and high energy resolution for all reactions with multiple photons in the final state. Besides studying the neutral decay modes of Ξ * such apparatus can be used to search for exotic mesonic states in the reactions γ p → ηπ 0 p, γ p → η ′ π 0 p, γ p → ωπ 0 π 0 p and γ p → ηπ 0 π 0 π 0 p, etc. The physics case for the search for the exotic mesonic states was presented in great detail in a number of GlueX and Hall-D documents, see for example [16] . There are suggestive experimental evidences, mainly from experiments using beams of π mesons, that exotic hybrid mesons exist. The evidence is by no means clear cut. Besides the issues associated with the statistics, the different experiments are hampered by a number of analysis issues. One of the first report of evidence for an exotic meson came in 1988 from the GAMS collaboration at CERN using data on the reaction π − p → ηπ 0 n at 100 GeV/c [17] . The reported state had exotic J PC = 1 −+ with a mass of 1.4 GeV/c 2 decaying into ηπ 0 . In 1993 the VES collaboration at the IHEP 70 GeV proton synchrotron (Serpukhov) studied data from the reaction π − N → ηπ − N at an incident momentum of 37 GeV/c. They found a broad ηπ − P-wave enhancement at 1.4 GeV/c 2 [18] . Also in 1993, a group at KEK took data on reaction π − p → ηπ − p at an incident momentum of 6.3 GeV/c. They also claimed an exotic signal but with a mass and width close to the D-wave a 2 (1320) and leakage from this dominant wave into the P-wave could not be excluded [19] . The E852 collaboration published evidence for an exotic J PC = 1 −+ in the reaction π − p → ηπ − p [20, 21] in 1997. The P-wave amplitude was described by [22] . In 2003, a subset of the E852 collaboration published an analysis of data from the all-neutral final state reaction π − p → ηπ 0 n → 4γn and found that although a P-wave was present, it could not be described with a Breit-Wigner line shape [23] . The analysis employed here followed closely a prior analysis of the π − p → π 0 π 0 n → 4γn reaction [24] . The E852 collaboration published evidence for a J PC = 1 −+ exotic meson decaying into η ′ π − with Breit-Wigner parameters m = (1597±10 +45 −10 ) MeV/c 2 and Γ = (340 ± 40 ± 50) MeV/c 2 [25] . Unlike the case for the ηπ channel where the D-wave dominates, in this case the P-wave and D-wave are comparable in strength. The phase motion is also consistent with resonant behavior. Earlier the VES collaboration [18] reported on the analysis of the reaction π − N → η ′ π − N and also found that the P-wave dominates the η ′ π − system. The E852 collaboration has recently published evidence for additional exotic states, all with J PC = 1 −+ . Two states, with masses of 1.6 and 2.0 GeV/c 2 , decay into f 1 π followed by f 1 → ηππ [26] . Another two states, also with masses of 1.6 and 2.0 GeV/c 2 , decay into b 1 π followed by b 1 → ωπ [27] . Evidence from VES also finds evidence for J PC = 1 −+ states with a mass of 1.6 GeV/c 2 decaying into f 1 π and b 1 π [28] . All those states and the reactions can be investigated with high precision using the proposed experimental setup. Notably, η and η ′ (in particular η) have a large probability of decaying into neutral final states and therefore are very suitable for detection by the Crystal Ball. The decays modes involving η and η ′ are among the dominant ones for the claimed light exotic mesons.
To summarize, we discuss the physics case for a new experimental setup that consists of the Crystal Ball multiphoton spectrometer and the CLAS12 forward detector installed at the tagged photon beam in Hall-B at JLab. The proposed apparatus will provide nearly 4π sr coverage and good energy and angular resolution for photons and protons allowing a detailed high statistic investigation of the reactions with multiple photons. Such setup can be used to investigate the spectrum of doubly-strange Ξ * via their neutral decays, test C, CP, and T invariance in the neutral and charged decays of η and η ′ , to perform precise measurements of the Dalitz and double Dalitz decays of pseudoscaler and vector mesons, etc. Such data may also shed new light on the existence and the properties of the earlier claimed light exotic mesons.
